The amino acid composition of α and β structural class of proteins from five species, Escherichia coli, Thermotoga maritima, Thermus thermophilus, yeast, and humans were investigated. Amino acid residues of proteins were classified into interior or surface residues based on the relative accessible surface area. The hydrophobic Leu, Ala, Val, and Ile residues were rich in interior residues, and hydrophilic Glu, Lys, Asp, and Arg were rich in surface residues both in α and β proteins. The amino acid composition of α proteins was different from that of β proteins in five species, and the difference was derived from the different contents of their interior residues between α and β proteins. α-helix content of α proteins was rich in interior residues than surface ones. Similarly, β-sheet content of β proteins was rich in interior residues than surface ones. The content of Leu residues was very high, approximately 20%, in interior residues of α proteins. This result suggested that the Leu residue plays an important role in the folding of α proteins.
Introduction
Nearly 30 years ago, Nakashima et al. [1] reported that the amino acid composition of proteins is different among the four structural classes: α, β, α/β and α + β. Many studies [2] - [8] have confirmed that there is a corre-lation between the amino acid composition and structural class of proteins. However, the reason behind the differences in amino acid composition among different structural classes is not clearly understood.
It is known that bacteria have species-specific nucleotide compositions in their protein-coding genes [9] - [11] . Due to the biased nucleotide composition, the amino acid composition of bacteria is also biased. The accumulation of data of the three-dimensional (3D) structure of proteins has provided the opportunity to statistically analyze the amino acid composition of proteins of different structural classes from different species. Here, we compared the amino acid composition of proteins form five species; Escherichia coli, Thermotoga maritima, Thermus thermophilus, yeast (Saccharomyces cerevisiae), and humans (Homo sapiens), because these species have relatively large numbers of structural proteins. The species-specific nucleotide composition is largely dependent on G + C content. The G + C content in the whole genome is 50.8% in E. coli, 46.2% in T. maritima, 69.5% in T. thermophilus, and 38.3% in yeast. These four species have a constant G + C content in their genomes. By contrast, the human genome has a considerably variable G + C content according to their chromosomal locations [12] . The optimal growth temperatures of T. maritima and T. thermophilus are 80˚C and 85˚C, respectively, as they are hyperthermophiles. It is reported that proteins of thermophiles have a different amino acid composition compared to that of mesophiles [13] - [17] .
The amino acid composition of α proteins is mostly distinct from that of β proteins among the four structural classes [1] . Therefore, comparison of the amino acid composition of α and β proteins appears to be ideal approach to understand the differences in amino acid composition between any two structural classes of proteins. As there is a correlation between amino acid composition and structural classes, we hypothesized that there might be some basic features that facilitate the organization of α or β proteins and that such features might be conserved. The purpose of this study was to identify such basic features from various sequences. We compared the amino acid composition of α or β proteins from five species, and analyzed their interior or surface residues to identify the common features as well as the differences.
Materials and Methods

Amino Acid Sequences
The amino acid sequences of known 3D structures were obtained from the structural classification of proteins (SCOP) [18] sequence database 1.75 released on the web site http://scop.mrc-lmb.cam.ac.uk/scop/. Each sequence has a Protein Data Bank (PDB) [19] entry code and a SCOP structural classification code, which represents the structural class, fold, superfamily, and family. The amino acid sequences in SCOP are divided into protein domains and the structural class is depicted for individual sequences. The amino acid sequences that constitute protein domains are not always sequential, as some sequences are composed of two fragments from separate regions. Sequences longer than 100 amino acid residues were selected for this analysis. The sequences of E. coli, T. maritima, T. thermophilus, yeast, and humans were selected, and then the sequences of α or β structural class proteins were further selected. The selected sequences were analyzed for their sequence similarity using the BLAST program [20] . The proteins that had more than 25% sequence identity over 100 residues were excluded to avoid any bias. Sequences with identical SCOP structural codes were included when the sequences had less than 25% sequence identity over 100 residues. The collected data included 77 sequences of E. coli, 22 of T. maritima, 23 of T. thermophilus, 45 of yeast, and 154 of humans for α protein domains, and 90 sequences of E. coli, 17 of T. maritima, 28 of T. thermophilus, 35 of yeast, and 187 of humans for β protein domains. The number of total protein domains was 321 for α and 357 for β proteins. The protein names, number of residues, and the SCOP and PDB codes of the sequences used in this study are listed in the supplementary data.
Classification of Interior/Surface Residues
The amino acid residues in the analyzed sequences were classified into two types, interior or surface residues, based on their relative solvent accessibility. Solvent accessibility and secondary structure calculated using the DSSP program [21] with the coordinate data of PDB were obtained from the European Bioinformatics Institute web site (http://www.ebi.ac.uk/). Amino acid residues with relative solvent accessibility greater than 25% were regarded as surface residues, and those with relative solvent accessibility less than 25% were considered as interior residues as described by Fukuchi and Nishikawa [14] . Secondary structures of a residue were classified into three states: α-helix, β-sheet, and coil. α-helices and β-sheets were categorized according to the definition of the DSSP program and residues other than an α-helix or β-sheet were considered as coils. The intrinsically disordered residues were not included in the DSSP sequences. The SCOP amino acid sequences were aligned with DSSP sequences, and the solvent accessibility and secondary structure were given for the corresponding residues between the two sequences.
Comparison of Amino Acid Composition
The average amino acid composition was compared between α and β proteins, and interior and surface residues, among the five species. To analyze the amino acid composition of a protein, amino acid composition space, introduced by Nishikawa and Ooi [22] - [24] , was employed. The number of each of the 20 types of amino acid residues in a protein sequence was counted and the composition was expressed in a normalized scale using the equation: The amino acid sequence of a protein was converted to an amino acid composition vector of 20 components and it was plotted as a point in a 20-dimensional composition space. The distribution of proteins was visualized by projecting them onto a two-dimensional (2D) plane, which was defined by two axes of the principal component analysis. A principal component analysis was conducted for the total proteins. The x-coordinate for a given sequence was calculated using the scalar product of the unit vector of the first principal component and the vector of the sequence. The y-coordinate was calculated using the scalar product of the unit vector of the second principal component and the vector of the sequence. The origin of the x-y coordinate system in the composition space was set at the average amino acid composition of all analyzed sequences.
Results
Amino Acid Composition
The average and standard deviation values of the amino acid composition of total proteins analyzed in this study are indicated in Table 1 . The average amino acid compositions of interior, surface, and whole residues of α and β structural classes of proteins are listed in Table 1 . The number of domains used in the calculation is shown in the last row in Table 1 . The hydrophobic Leu, Ala, Ile, and Val residues were rich in interior residues, and hydrophilic Glu, Lys, Asp, and Arg were rich in surface residues, both in α and β proteins. This trend was observed commonly in all five species. The ratios of the interior residues against surface residues clearly indicated that Cys, Phe, Ile, Trp, and Leu were favored as interior residues, and Lys, Glu, Asp, Arg, and Gln were favored as surface residues both in α and β proteins. This trend was also observed commonly in all five species. This result indicated that the location of a residue (interior or surface) in a protein is dependent on the character of the amino acid and independent of the structural class. The Leu residues content was very high, approximately 20%, in interior residues of α proteins. To show the difference between α and β proteins, the ratios of whole residues of α proteins to those of β proteins were calculated. The ratios indicated that Leu, Met, Ala, and Glu residues were predominant in the α proteins of the five species, while Gly, Pro, Val, and Thr residues were predominant in the β proteins of the five species. The favored amino acids in the two structural classes of proteins were consistent with a previous study [1] .
Distribution of α and β Proteins on a 2D Plane
The proteins of α and β structural classes of E. coli were plotted on a 2D plane by using the first principal component as the x-axis and the second component as the y-axis (Figure 1) . The distribution of α proteins of E. coli was roughly separated from that of β proteins of E. coli. A similar plot indicated that α proteins were roughly separated from that of β proteins in the other four species, similar to that observed in E. coli. However, the plot of total α and total β proteins from the five species together indicated an overlapped distribution.
The variance of the first principal component was 12.6% and that of the second component was 12.1%. Asn, Ile, Phe, and Ser residues were largely shifted toward the positive direction, while Ala, Arg, Leu, and Glu resi- dues were largely shifted toward the negative direction along the x-axis. Asn, Ile, and Phe residues have A + T-rich codons, and Ala and Arg residues have G + C-rich codons. This result suggested that the x-axis reflects the character of the G + C content of the residues. Along the y-axis, Gly, Pro, Val, and Thr residues showed a larger positive coefficient, and Lys, Glu, Ile, and Met residues showed a larger negative coefficient. The residues with positive coefficients were the favored residues in β proteins, and those with negative coefficients were the residues that were mostly detected in α proteins. These findings indicated that the y-axis reflects the frequency of the occurrence of amino acid residues between α and β proteins. This is consistent with the distribution of E. coli proteins in Figure 1 , where most of the α proteins showed negative values of y-coordinates, and most of the β proteins had positive y-coordinates.
Differences in Interior and Surface Compositions among the Five Species
The average amino acid compositions of interior and surface residues in α proteins from the five species were plotted, and the results are shown in Figure 2 and Figure 3 , respectively. To clearly demonstrate the differences in the amino acid content among the five species, the differences between the maximum/minimum and average composition were plotted. Figure 4 shows the plot indicating the differences in the interior composition of α proteins. Ala and Ile residues showed large differences. The Ala residue content in interior composition was highest (16.04%) in T. thermophilus and lowest (8.51%) in yeast in α proteins (Figure 2 ). Since the average Ala composition in the five species was 11.58%, the deviation was +4.46% and −3.07% (Figure 4) . The Ile residue content was lowest (4.77%) in T. thermophilus and highest (11.30%) in yeast. Since the average Ile composition in the five species was 9.19%, the deviation was +2.55% and −4.42% (Figure 4 ). Taken together, the total of Ala and Ile content was 20.81% in T. thermophilus and 19.81% in yeast. This result indicated that the increase or decrease of Ala content is compensated by the decrease or increase of Ile, and their contents were adjusted in the species with different G + C content. The variation in Ala and Ile contents was consistent with previous reports [25] - [29] , which indicated that amino acids composed of G + C-rich or A + T-rich codons are related to the genomic G + C content of the species. The differences in the surface composition of α proteins are shown in Figure 5 . The Glu residue showed a large difference. The average Glu residue content in the five species was 14.57%. The maximum composition was 19.92% in T. maritima and the minimum composition was 11.42% in yeast. Therefore, the difference in the distribution of Glu was +5.35% and −3.15% ( Figure 5) . The Glu residue has GAA and GAG codons, which are neutral with respect to G + C content. Therefore, the large differences in the Glu residue content are not explained by the G + C content. It has been reported that thermophiles have a higher content of charged residues in surface composition than mesophiles [14] - [17] . The total content of charged residues of Asp, Glu, Lys, and Arg in the surface composition of α proteins was 52.79% in T. maritima, 45.42% in T. thermophilus, 39.44% in E. coli, 39.45% in humans, and 40.21% in yeast. The total content of charged residues was higher in thermophiles than in mesophiles, and it was higher in α proteins than in β proteins. There were more differences in the composition of surface residues in α proteins than interior residues (Figure 4 and Figure 5 ). Similar results were observed in β proteins. It is empirically known that the interior residues are more conserved than the surface residues in homologous proteins. Therefore, it is reasonable that the interior composition should show less difference than the surface composition.
Discussion
The amino acid residues were classified into interior or surface residues based on their relative solvent accessibility. The amino acid composition of interior and surface residues was dependent on the classification. In this Figure 5 . The differences in amino acid content between the maximum and average composition (in blue) and that between the minimum and average composition (in red) of surface residues of α proteins among the five species.
study, an average of surface residues of α proteins of the five species was 51%, and the average of interior residues was 49%. In β proteins, the average compositions of both surface and interior residues of the five species were 50%. Since we intended to classify the residues into interior and surface residues in equal proportions, the obtained result met our intended criterion.
The average content of secondary structures in α and β proteins is shown in Table 2 . The interior residues in α proteins had a higher α-helix content, 73%, than the surface residues. Similarly, the interior residues in β proteins had a higher β-sheet content, 54%, than the surface residues.
The hydrophobic residues, such as Leu, Ala, Ile, and Val were enriched in interior residues of both α and β proteins. However, the percentages of α-helices and β-sheets in interior residues were quite different. The reason behind such a big difference is not clear. Since the Ala residue has G + C-rich codons and the Ile residue has A + T-rich codons, their contents were dependent on the G + C content of the species. Therefore, the differences in Ala and Ile compositions were large compared to those of Val and Leu among the five species (Figure 4) . The Val residue has GTN (N stands for all four nucleotides) codons, which are neutral with respect to G + C content. This might be the reason for the smaller differences observed in Val content. The Leu residue has neutral CTN codons and A + T-rich TTA and TTG codons. The Leu residue showed smaller deviations among species even though its content was consistently high.
In E. coli, the distribution of whole residues of α proteins was roughly distinct from its β proteins. Similarly, the interior residues between α and β proteins showed a distinct distribution. However, the plot of surface residues in E. coli was overlapped. Similar results were also observed in other species. This indicates that the difference in amino acid composition of whole residues between α and β proteins was derived from the differences in the interior residues. This result was obtained by the analysis of the distribution of α and β proteins in the amino acid composition space. However, no clear differences were noticed in the initial observations of amino acid composition of interior residues between α and β proteins. The interior residues were rich in hydrophobic Leu, Ala, Ile, and Val residues both in α and β proteins. To clearly demonstrate the differences in interior residues between α and β proteins, the ratios of their amino acid composition were calculated. This indicated that Met, Leu, Glu, and Ala residues were favored in α proteins and Gly, Pro, Val, and Thr were favored in β proteins. This trend was observed commonly in all five species. Therefore, we concluded that the existence of favorable residues is a basic common feature of α and β proteins. The residues favored in α proteins were consistent with the residues favored in α-helix [30] , however, Gly and Pro residues favored in β proteins were reported as unfavorable in β-sheet [30] . The Gly and Pro residues contents were not large compared to those of the hydrophobic residues, however, they were commonly favored in β proteins in the five species. This suggested that Gly and Pro residues are essential interior residues in the organization of β proteins outside of the β-sheet regions. The average Leu residue content was 17% in yeast, and was 20% in the other four species. This outcome suggested that the interaction between Leu residues is likely to be very large in the interior region and that it might play an important role in the folding of α proteins. 
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